Explosive blast-induced traumatic brain injury (blast-TBI) in military personnel is a leading cause of injury and persistent neurological abnormalities, including chronic pain. We previously demonstrated that chronic pain after spinal cord injury results from central sensitization in the posterior thalamus (PO). The presence of persistent headaches and back pain in veterans with blast-TBI suggests a similar involvement of thalamic sensitization. Here, we tested the hypothesis that pain after blast-TBI is associated with abnormal increases in activity of neurons in PO thalamus. We developed a novel model with two unique features: (1) blast-TBI was performed in awake, un-anesthetized rats, to simulate the human experience and to eliminate confounds of anesthesia and surgery inherent in other models; (2) only the cranium, rather than the entire body, was exposed to a collimated blast wave, with the blast wave striking the posterior cranium in the region of the occipital crest and foramen magnum. Three weeks after blast-TBI, rats developed persistent, ongoing spontaneous pain. Contrary to our hypothesis, we found no significant differences in the activity of PO neurons, or of neurons in the spinal trigeminal nucleus. There were also no significant changes in gliosis in either of these structures. This novel model will allow future studies on the pathophysiology of chronic pain after blast-TBI.
Introduction
Blast-induced traumatic brain injury (blast-TBI) is a prevalent and serious trauma affecting U.S military personnel. Explosive blasts are responsible for 72% of service member TBI cases (Dobscha et al., 2009) , and blast-TBI patients incur medical costs four times greater than other veterans treated at Veterans Affairs hospitals (Taylor et al., 2012) . Adding to this higher treatment burden, TBI often precedes chronic neurological and psychological disorders. Nearly 74% of veterans with mild blast-TBI suffer chronic pain, with headaches and back pains being the most common complaints (Belanger et al., 2009; Patil et al., 2011; Strigo et al., 2014) . These patients frequently suffer also from posttraumatic stress disorder (PTSD), a co-morbidity that is particularly impactful on quality-of-life and that increases healthcare burden (Taylor et al., 2012; Polusny et al., 2011; Dobscha et al., 2009; Lew et al., 2009; Ruff et al., 2008) .
Despite the large number of veterans suffering from anxiety and chronic pain after blast-TBI (TBI-Pain), few studies have sought to elucidate the underlying pathophysiology. In clinical studies of mild blast-TBI survivors, resting-state functional magnetic resonance imaging revealed increased activity of brain regions associated with pain, particularly enhancement of thalamocortical connectivity (Tang et al., 2011; Venkatesan et al., 2015; Zhu et al., 2014) . These findings suggest the involvement of CNS sensitization in TBI-Pain.
We previously demonstrated that thalamic sensitization is causally involved in chronic pain after SCI (Keller and Masri, 2014; Masri et al., 2009; Masri and Keller, 2012) . Migraine studies report similar increases in activity of the thalamic neurons in both patient populations and animal models (Burstein et al., 2010; Noseda and Burstein, 2013) . Because blast-TBI patients report similar headache features as chronic migraineurs, we hypothesized that abnormal increases in spontaneous and evoked activity of thalamic neurons are associated with TBI-Pain.
TBI-pain may also result from abnormalities in the periaqueductal gray (PAG) and rostral ventral medulla (RVM), key structures in the descending pain modulatory pathways (Bannister and Dickenson, 2017; Ossipov et al., 2014; Mason, 2011; Heinricher et al., 2009 ). The PAG is particularly vulnerable to primary blast injury, due to its proximity to the aqueduct (Cernak and Noble-Haeusslein, 2010; Jang et al., 2016) ; T Blast waves cause exaggerated damage due to spallation at tissue borders of different densities, such as this periventricular area (Elder et al., 2010; Nakagawa et al., 2011; Cernak and Noble-Haeusslein, 2010; Rosenfeld et al., 2013; Shively et al., 2016) . Because the PAG is involved in both cognitive and emotional control of pain, we predicted that persistent pain and anxiety behavior would be associated with persistent glia-mediated inflammation in PAG and its downstream target, the RVM.
Current models of blast-TBI are not ideal for studying the mechanisms of pain due to the use of anesthetics and surgical procedures (Warner et al., 1991; Kapinya et al., 2002; Lee et al., 2008; Park et al., 2009; Hara and Harris, 2002) . Therefore, we modified our previously described model of direct cranial blast injury (dcBI) (Kuehn et al., 2011; Studlack et al., 2018) to expose awake, un-anesthetized rats to an explosive blast. By exposing rats to the dcBI model without anesthesia, we test the hypothesis that blast-TBI will induce glia-mediated inflammation to sensitize the thalamus, resulting in elevated pain and hyperalgesia.
Methods
All procedures were conducted according to Animal Welfare Act regulations and Public Health Service guidelines. Strict aseptic surgical procedures were used, according to the guidelines of the International Association for the Study of Pain, and approved by the University of Maryland School of Medicine Animal Care and Use Committee. A total of 38 adult male Long-Evans rats (250-300 g; Harlan, Indianapolis, IN) and 37 adult male Wistar rats (250-325 g; Harlan, Indianapolis, IN) were used in this study. Unlike Long Evans rats, Wistar rats have white hair and red eyes, which creates a contrast that facilitates facial grimace analysis.
Animals were randomly allocated to experimental or control groups. In all experiments, the investigators were blinded to animal condition. A coded key of all specimens evaluated was kept and not shared with the investigators performing the experiments until data analysis was completed. Thus, allocation, concealment, blinded conduct of the experiment, and blinded assessment of the outcomes was performed.
Cranium only blast injury in awake rats
Rats were trained to place their head through the Blast Dissipation Chamber Cranium Interface, BDCCI, which is described in our previous studies (Kuehn et al., 2011; Studlack et al., 2018) . Rats were placed in a behavior chamber ( Fig. 1 ) with access to a positive reward (sweetened milk). The reward was delivered through a feeding tube situated on the opposite side of the BDCCI. At all times, the animals could voluntarily approach and freely withdraw from the feeding tube. Training was discontinued when rats place their head into the BDCCI chamber continuously for at least 30 s to access the reward. The apparatus was cleaned after each session with Roccal-D disinfectant and wiped dry. Rats were acclimated to the chamber for one to two weeks and, on each day, training was performed at the same time.
Prior to each training session, rats were food fasted for 12 h. A recovery day from the fasting was included between the training sessions to minimize nutritional differences from normal food routine. The animals were returned to regular diet after the fasting period. Diet was provided ad libitum on recovery day. Water was available ad libitum before and after testing sessions. During the food restriction phase, animals were weighed daily to ensure that their body weight did not fall below 85% of the baseline.
Animals received one blast-TBI following the completion of training. The blast required no surgical procedures. Rats were placed in the behavior chamber used in the training phase. When the rat placed its head against the end of the blast dissipation chamber (BDC) centered over the occipital crest for at least five seconds, a blast wave was applied, as previously described (Kuehn et al., 2011; Studlack et al., 2018) . We have studied this model of posterior cranium blast exposure extensively (Hayman et al., 2018) . We showed that high intensity blast exposure (> 800 kPa) at the foramen magnum in anesthetized rats is associated with a high incidence of subdural hematomas and high mortality, whereas the same exposure rostral to and not involving the foramen magnum is associated with minimal hemorrhage and minimal mortality (see Results). When the foramen magnum area is involved, the relationship between blast intensity and morbidity/mortality is a very steep sigmoidal, with half-maximum ∼750 kPa (see Results). In the present paper, we used an exposure of 500 kPa in awake rats, produced using a level four charge and a BDC of 27 cm in length, which we reported results in minimal hemorrhage and no mortality. The impact produced by the blast wave at this intensity caused downward movement of the head, but did not produce skull damage, bleeding or skin lacerations.
Immediately following the blast, we noted the location of injury, assessed by noting the location of gunpowder residue. For the remainder of the study we included only rats that received blast-TBI in the posterior cranium -in the region of the occipital crest and behind the foramen magnum. We also recorded changes in the following physical abnormalities: number of seizure-like body contractions (contractions), forelimb and hindlimb weakness measured with grip strength assessments, and the steepest angle at which the rat can climb an inclined slope (inclined plane). Rats were observed closely for at least one hour for any other physical side effects. We continued to monitor them daily thereafter.
Behavioral confirmation of anxiety, pain, and hyperalgesia
All animals were tested for ongoing pain and hypersensitivity to thermal and mechanical stimuli at least three weeks after injury induction with blast exposure. To minimize the animals' anxiety, they were habituated before behavioral testing and trained with the use of rewards (i.e., milk and rat treats).
Measuring anxiety-like behavior with the elevated plus maze
Anxiety-like behavior was assessed in an elevated plus maze 
Spontaneous pain analysis with rat grimace scale
Rat grimace scores were determined based on methods described by Sotocinal et al. (2011) and in our previous study (Akintola et al., 2017) . Rats were habituated to a Plexiglass chamber measuring 10 × 20 × 14 cm and, on the next day, filmed in the chamber for 30 min. Using Rodent Face Finder software, 10 images from each video were randomly selected, coded, and scrambled to maintain experimenter blindness. We then scored the images for three action units: orbital tightness, nose and cheek flatness, and ear folding. Rat grimace scores were determined as the mean score of the three action units for each image, averaged by rat. We did not score changes in whisker position, due to low predictive validity and inter-rater reliability in pilot studies. Instead, we averaged the three action unit scores to obtain a rat grimace score for each rat to compare spontaneous pain following blast injury in sham and blast-TBI groups.
Facial thermal sensitivity
We quantified facial thermal sensitivity with the orofacial pain assessment device (OPAD, Stoelting), using methods previously described (Neubert et al., 2006) . The OPAD establishes an operant conflict O. Uddin, et al. Neurobiology of Pain 6 (2019) 100030 paradigm that creates a behavioral outcome where an animal must decide between receiving a reward and escaping a noxious stimulus. Unlike reflexive withdrawal measures, this approach relies on operant behavioral strategies, involving cortical structures, to initiate a motivated behavior that terminates exposure to the noxious stimulus. This strategy overcomes many of the pitfalls associated with more traditional, reflexive behaviors, which often employ only spinal reflex loops to govern a withdrawal response from noxious stimuli without assessing higher order pain processes (Mogil, 2009) . Rats were habituated and trained to drink sweetened milk in the OPAD chamber, which is a closed plexiglass chamber with a small gap surrounded by thermodes, which can be controlled to adjust the temperature. Rats were trained to place their heads through this gap and come in contact with the thermodes through the incentive of a reward on the other side. During the training phase, which lasted for approximately a week, the thermodes were set to 27°C. Following training, rats had one testing session per day for 3 days. Each testing session lasted 10 min, during which the temperature of the thermodes was randomly set to 7, 37, 45, or 50°C. The order in which the testing was performed at these temperatures was randomized for each rat. The animals voluntarily approached the feeding tube, and could freely withdraw from the thermodes and feeding tube at any time. An AnyMaze (Stoetling) module for OPAD analysis was used to quantify the number of times the rats made contact with the thermodes, the number of licks of the reward, and the amount of reward consumed. Fur on the buccal regions was shaved for these experiments.
Facial mechanical withdrawal thresholds
We acclimated rats to a process in which an experimenter wrapped their bodies with a small towel, leaving the head exposed, and holding the wrapped rat in their arms. After several habituation sessions, mechanical hyperalgesia of the facial skin was assessed by applying calibrated von Frey filaments to the center of the whisker-pad in the infraorbital branch of the trigeminal nerve receptive field, which is also the region of face in contact with the thermodes during OPAD trials. The level of mechanical sensitivity was quantified as the average withdrawal threshold (g), using the Up-Down method described by Dixon (1965) . Positive responses to the filaments were characterized by an abrupt movement of the head away from the filament, vocalization, or an attempt to bite the filament. A lower withdrawal threshold denotes higher sensitivity.
Hind-paw mechanical withdrawal thresholds
Rats were tested for their mechanical sensitivity using calibrated von Frey filaments, ranging from 0.008 to 300 g of force, applied to the plantar surface of the hind-paws. Quick withdrawal or licking of the paw in response to the stimulus was considered a positive response. Filaments were continuously applied for at least 20 applications with a 1-2 min interval between stimuli, using the previously described UpDown method (Dixon, 1965) . 
In vivo extracellular recordings
At least 4 weeks after the blast-TBI, non-recovery surgical procedures were used to prepare for extracellular recordings. Rats were initially anesthetized (60 mg/kg ketamine and 7.5 mg/kg xylazine given IP) to insert a jugular catheter, as in our previous studies (Whitt et al., 2013) . We delivered an intravenous infusion of urethane (1.5 mg/kg) through the jugular catheter, to control the level of anesthetic, which was kept at level III-2 (Friedberg et al., 1999) . We selected urethane because it has negligible effects on glutamatergic and GABAergic transmission, and therefore produces only minimal disruption of signal transmission (Sceniak and Maciver, 2006) . Anesthetic levels were monitored by continually recording electrocorticograms (ECoGs) using a pair of screws implanted in the skull. For PO recordings, small craniotomies (1-2 mm 2 ) provided access for recording electrodes based on stereotaxic coordinates (at approximately AP 3.2 mm, ML 2.6 mm relative to bregma), as reported in our previous studies (Masri et al., 2009; Whitt et al., 2013) . For recordings from spinal trigeminal nucleus caudalis (SpVc), a laminectomy was performed, including the axis and part of the occipital bone, as previously described (Okubo et al., 2013) .
Recordings were made through a custom-made platinum tungsten fiber electrode (< 5 μm tip diameter, 2-4 MΩ resistance). Once a single unit was well isolated, spontaneous activity was recorded for at least 3 min, followed by evoked activity in response to either innocuous or noxious stimuli.
Vibrissae, face, and hind-paw stimulation
We recorded responses of single units to a series of stimuli applied with mechanical forces that spanned the innocuous and noxious range. We stimulated vibrissae with innocuous air puffs delivered with a Picospritzer, as in our previous studies (Masri et al., 2008) . This method produces highly reproducible stimuli, allowing quantitative analyses of stimulus/response relationships. Other regions of the head, face, and hind-paw were stimulated using a calibrated electronic von Frey esthesiometer (IITC, Woodland Hills, CA). The esthesiometer was manually applied to the receptive area with increasing force over a 2 s period. Forces spanned the innocuous and noxious range (0-200 g, tip diameter 0.8 mm). Stimuli were applied at least 10 times to the receptive field of each recorded neuron. We computed evoked firing rate during each application of mechanical stimulation. Analog signals from the esthesiometer were digitized and the integral of the pressure waveform computed using algorithms custom written in Matlab (MathWorks, Natick, MA). To determine neuronal response magnitudes, we divided the difference in firing rate evoked in response to the stimulus over baseline firing rate by the integral of the stimulus waveform.
In addition to the noxious mechanical stimulation induced with the esthesiometer, we assessed neuronal responses to noxious thermal stimulation to the face. We placed the tip of a dental surgical laser (Picasso Lite, AMD Lasers, LLC, Indianapolis IN 46240) set to 2 Watts cycling on and off at 30 msec intervals for several seconds in close proximity to the skin of the whisker-pad and cheeks. This produced a temperature of 45°C, determined by recording from intradermal probes.
Single unit analyses
Waveforms were digitized (40 kHz) through an OmniPlex data acquisition system (Plexon, Dallas, TX), and sorted as units offline with Offline Sorter (Plexon), using dual thresholds and principal component analyses. We generated autocorrelograms with Neuroexplorer software (Plexon) to confirm that we obtained recordings from single units. We exported time stamps of well-isolated units, stimulus triggers and waveforms to Matlab (MathWorks) for analyses using our library of custom-written algorithms. Significant responses were defined as bins in which activity is significantly greater (99% confidence interval) than the mean baseline-firing rate.
Histology
Following the electrophysiological recording session, animals were deeply anesthetized and transcardially perfused with buffered saline followed by 4% buffered paraformaldehyde. We obtained 60 μm-thick coronal brain sections and Nissl-stained them. Sections were collected based on craniotomy site coordinates and histological landmarks as previously described (Masri et al., 2009; Whitt et al., 2013) . The obex was used as an additional landmark for SpVc section collection. The sections were examined with a transmission microscope to identify recording sites within the posterior nucleus of the thalamus (PO) or SpVc; marked with lesions. All recordings sites were reconstructed and only neurons with confirmed placement within the desired nucleus were included in analysis.
Immunohistochemistry
Rats were transcardially perfused with 4% paraformaldehyde, brains were removed, placed in fixative overnight, and cryoprotected with 30% sucrose for up to one week. After embedding in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), 10 μm sagittal cryosections were mounted on slides, washed with 0.4 M phosphate-buffered saline (PBS), blocked in 2% donkey serum with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in PBS for 1 h. Sections were then incubated overnight with primary antibody directed against rabbit antiionized calcium-binding adapter molecule 1 (Iba1, 1:500, 019-19741, Wako Pure Chemical Industries, Richmond, VA) and mouse anti-glial fibrillary acid protein (GFAP, 1:500, C9205, Sigma-Aldrich). For secondary fluorescent labeling, the sections were washed 3 times in PBS, then incubated in the dark. After 1 h, the slides were washed, dried and covered with Prolong Antifade reagent with 4,6-diamino-2-phenlindole (DAPI, P-36931, Life Technologies, Grand Island, NY). Low-and highpower photomicrographs were taken using a Nikon Eclipse 90i camera, and images were adjusted for brightness and contrast using NIS software (Nikon Instruments Inc., Melville, NY).
For quantitative immunohistochemistry of PO and SpVc regions-ofinterest (ROI), all sections were immunolabeled as a single batch. All images were collected using uniform parameters of magnification and exposure. Analysis was performed using NIS software (Nikon) by computing % ROI or cell counts within a specified ROI for each of the markers (GFAP or Iba1). For GFAP in PO and SpVc, specific labeling was defined as pixels with signal intensity greater than twice that of background, and the area occupied by pixels with specific labeling was used to determine the percent area with specific labeling (% ROI). For Iba1 in PO and SpVc, the nuclei with specific labeling in the ROI were counted.
Glia labeling in the PAG and RVM was determined in a separate cohort of blast-exposed rats. Brains for this experiment were collected from paraformaldehyde-perfused rats, 15-16 weeks after injury. After overnight fixation, brains were stored in PBS until sectioning. Coronal sections, 50 μm, through the PAG and RVM were collected and freefloating sections were labeled with the following: double-labeling with mouse anti-GFAP conjugated to a CY3 fluorophore (1:10,000, C9205, Sigma) and rabbit anti-Iba1 (1:10,000, 019-19741, Wako Pure Chemical Industries, Richmond, VA) and goat anti-rabbit secondary antibody with 488 nm fluorophore (1:1500; 4412, Cell Signaling Technology, Danvers, MA).
Statistical analysis
Unless otherwise noted, values given are median ± 95% confidence interval. We performed statistical analysis in GraphPad Prism version 7.00 for Mac (GraphPad Software, La Jolla). Since the data were not normally distributed, we assessed statistical significance using a Mann-Whitney U ranked-sum test. We used a Kruskal-Wallis test to evaluate post-TBI contractions. A p value < 0.05 was considered to be statistically significant. For all analyses, we used individual animals as O. Uddin, et al. Neurobiology of Pain 6 (2019) 100030 samples, averaging all measurements obtained from an animal. For example, we averaged firing rates of all neurons recorded from a single animal and present that average as a single sample.
Results

Acute effects of TBI-pain
We used several criteria to classify the severity of TBI immediately after the blast. We included only rats that received blast-TBI in the posterior cranium, in the region of the occipital crest and over the foramen magnum. Using the Cranium Only Blast Induced Apparatus (COBIA) model with anesthetized rats, we have shown that neurofunctional outcomes and severity of subdural hemorrhage due to blast injury are worse when blasts are directed over this region, as compared to more rostral points (Hayman et al., 2018) .
Blast-TBI resulted in muscle weakness and short-lived motor impairment in the recovery period following the blast injury (lasting about an hour), that was corroborated with grip strength measures. Forelimb grip strength was significantly impaired in blast-TBI rats (n = 23, median = 826 g, 95% CI = 743-883) over sham rats (n = 21, median = 1050, 95% CI = 868-1106; Mann-Whitney U = 125.5; p = 0.006, Fig. 2 ). Hindlimb grip strength was even more severely impaired: blast-TBI rats (n = 24) had median grip strength of 311 g (95% CI = 233-359), while sham-injured rats (n = 21) were 60% stronger (median = 497, 95% CI = 420-565, Mann-Whitney U = 48, p < 0.0001, Fig. 2 ). Blast-exposed rats also had reduced ability to climb a steep inclined plane, compared to sham rats (blast-TBI: n = 45, median = 60, 95% CI = 58-65; sham: n = 28, median = 70, 95% CI = 60-73; Mann-Whitney U = 365; p = 0.002; Fig. 2) .
Injured rats had contractions that lasted less than 60 s after the blast, with no strain effect between Long Evans (LE, n = 23) and Wistar rats (Wis, n = 27) (LE median = 15, 95% CI = 5-30; Wis median = 20, 95% CI = 15-28; Kruskal-Wallis test with Dunn's multiple comparisons; p = 0.93, Fig. 2 ).
Persistent anxiety
To test for persistent anxiety-like behaviors, rats at 4-5 weeks after injury were placed in an elevated plus maze and allowed to freely explore closed, walled arms or open arms. Rats in the blast-TBI group (n = 8) spent a median 5.4% (95% CI = 1.6-15.9) of the time in the open arms, largely preferring the closed arms. Sham-injured rats (n = 10) spent significantly more of the trial time exploring the open arms (median = 13.6%, 95% CI = 7.5-28.5), compared to blast-TBI animals (Mann-Whitney U = 15; p = 0.03; Fig. 3 ).
Ongoing pain
Blast-TBI in humans is associated with increased sensitivity to painful stimuli and chronic pain, particularly in the head and back (Rosenfeld et al., 2013; Sayer, 2012; Tham et al., 2013) . To determine if similar outcomes occur in our animal model, we compared blast-TBI and sham rats using tests of ongoing pain and hyperalgesia.
We quantified facial grimace, an established metric of ongoing pain in both humans and animal models of pain (Langford et al., 2010; Sotocinal et al., 2011; Matsumiya et al., 2012; De Rantere et al., 2016; Akintola et al., 2017) . In a previous study using an orofacial neuropathic pain model (chronic constriction injury of the infraorbital nerve, CCI-ION), we showed that Rat Grimace Scale (RGS) scores were increased 10 and 27 days after injury (Akintola et al., 2017) . In the present study, sham RGS scores were similar to baseline RGS scores of naive rats, reported in our prior study, and we also found that 4-5 weeks after blast-TBI, increases in RGS scores were comparable to the increases seen after CCI-ION. As an average of scores for the orbital tightening, nose and cheek flattening, and ear position change action units (see Methods), we compared RGS scores for blast-injured and sham rats 4-5 weeks after injury. RGS scores were significantly elevated in blast-TBI (n = 13, median = 0.83, 95% CI = 0.61-1.15) compared to sham rats (n = 25, median = 0.6, 95% CI = 0.35-0.73; MannWhitney U = 86, p = 0.02; Fig. 3 ). The significantly higher RGS scores in blast-TBI rats suggest that they endure ongoing pain for at least 4 weeks after blast injury.
Fig. 2. Early motor deficits after blast-TBI. A, B:
Grip strength measurements 10 min after blast injury demonstrate an early motor deficit in both the fore-limbs and hind-limbs. C: Immediately following blast-TBI, rats of both the Long Evans and Wistar strains have seizure-like body contractions. D: Maximum inclined plane angle climbed after blast-TBI is significantly lower in rats exposed to blast compared to sham-injured rats. Here and elsewhere, individual data are depicted, along with medians and 95% confidence intervals.
O. Uddin, et al. Neurobiology of Pain 6 (2019) 100030 
Facial hyperalgesia
We assessed sensitivity to noxious stimuli applied to the face by using an operant test of thermal sensitivity, the Orofacial Pain Assessment Device (OPAD) (Neubert et al., 2006) . The OPAD establishes an operant conflict paradigm that creates a behavioral outcome where an animal must decide between receiving a reward and escaping a noxious stimulus. Unlike traditional reflexive tests, this operant test uses behavioral strategies that depend on cortical processing of input from pain pathways and does not rely on the experimenter's bias (Neubert et al., 2006) .
We assessed facial thermal hyperalgesia with the OPAD. Because the maximum reward consumption varied by animal, for analysis of group data we normalized reward consumption to the proportion of reward consumed at the innocuous testing temperature of 37°C. Fig. 3 compares normalized reward consumed by sham and blast-TBI rats at each of the testing temperatures. At 7°C, rats in the sham group (n = 18) consumed approximately 62% of reward (median = 61.8, 95% CI = 0.5-126.2), whereas rats with blast-TBI (n = 20, median = 24.7%, 95% CI = 16.1-49.6) consumed only about 25% of their innocuous baseline consumption (two-way ANOVA, p = 0.03). There was no significant difference in consumption at 45°C between blast-TBI (median = 25.9%, 95% CI = 18.0-36.3) and sham rats (median = 31.9%, 95% CI = 24.3-39.3; two-way ANOVA; p = 0.99). Similarly, at 50°C, both groups had similar levels of low reward consumption (median = 1.75%, 95% CI = 0-6.25; blast-TBI median = 6.52, 95% CI = 1.96-10.32; two-way ANOVA, p = 0.99). These results suggest that blast-TBI in rats results in persistent facial hypersensitivity to cold temperatures.
In addition to thermal hypersensitivity, rats with TBI also displayed facial mechanical hyperalgesia (Fig. 3) . Blast-TBI rats (n = 14) had a significantly lower withdrawal threshold to mechanical stimuli (median =7.7 g; 95% CI=4.8-14.9 g), compared to sham rats (n = 8; median = 12.5 g; 95% CI = 10.0-16.5; Mann-Whitney U = 26; p = 0.04).
Hind-paw hyperalgesia
To test whether rats with blast-TBI developed hyperalgesia to uninjured extremities of the body, we tested for responses to mechanical stimuli by applying von Frey filaments to the plantar surface of hindpaws. Fig. 3 compares hind-paw withdrawal thresholds of blast-TBI rats (n = 8) and sham rats (n = 14). There was no significant difference in withdrawal threshold between the groups (blast: median = 27.39 g; 95% CI = 17.33-35.02 vs. sham median = 29.18 g; 95% CI = 18.9-43.22; Mann-Whitney U = 23; p = 0.49). These results indicate that rats with blast-TBI do not exhibit distal mechanical hyperalgesia 3-4 weeks after blast-injury.
Neuronal responses in the thalamus after blast-TBI
Chronic pain after spinal cord injury is causally related to amplified neuronal activity in the posterior nucleus of the thalamus (PO; see Introduction). As previously reported (Masri and Keller, 2012; Poggio and Mountcastle, 1960) , the receptive fields of PO neurons included not only the trigeminal innervaton area, but typically also included other somatic regions, often bilaterally. Although we did not quantify receptive field sizes, there was no apparent difference in the size of receptive fields in sham compared to blast-TBI rats.
To test if trigeminal hyperalgesia after blast-TBI involves similar mechanisms, we recorded spontaneous and evoked activity of PO neurons (see Methods). Typical of PO neurons in control animals (Masri et al., 2009; Trageser and Keller, 2004; Wu et al., 2013) , the unit depicted in Fig. 4 (sham) exhibited relatively low spontaneous activity (1.52 Hz). In contrast, the unit recorded from the blast-TBI rat (Fig. 4) had a higher spontaneous firing rate (4.05 Hz). We recorded from 107 neurons in 11 blast-TBI rats and averaged data obtained from all cells recorded from an individual animal (see Methods). The median spontaneous firing rates in these animals was 1.8 Hz (95% CI = 1.2-2.9 Hz). In 11 sham rats we recorded from 79 neurons, and their median spontaneous firing rate was 1.5 Hz (95% CI = 0.9-2.7 Hz). These differences were not statistically significant (Mann-Whitney U = 38; p = 0.15; Fig. 4) .
Similarly, there were no significant differences (Mann-Whitney U = 17; p = 0.9) between response magnitudes of neurons from sham (n = 6 rats, 37 neurons) and blast-TBI (n = 6 rats, 31 neurons) animals to noxious mechanical stimulation of the face (Fig. 4) . Median response magnitude was 0.05 spikes/stimulus in blast-TBI rats (95% CI = 0.04-0.11) and 0.05 spikes/stimulus (95% CI = 0.02-0.22) in sham rats. Time spent in open arms of the elevated plus maze was significantly reduced in blast-TBI rats. B: Ongoing pain: Rat Grimace Scale scores in blast-TBI rats are significantly higher. C: Cold hyperalgesia: Rats with blast-TBI drank significantly less reward at 7°C, normalized to individual reward consumption at the innocuous temperature of 37°C, than sham rats, but consumed similar reward at the noxiously hot temperatures of 45°C and 50°C. D: Tactile sensitivity: Mechanical withdrawal thresholds to stimuli applied to the face were significantly lower in blast-injured rats. E: Compared to sham rats, blast-TBI rats did not have significantly different hind-paw withdrawal thresholds.
O. Uddin, et al. Neurobiology of Pain 6 (2019) 100030 We also compared the PO response to noxious heat applied to the face (see Methods). In blast-TBI rats (n = 4 rats, 6 neurons) the median normalized response magnitude was 0.05 (95% CI = 0.004-0.28), while cells in sham rats (n = 5 rats, 8 neurons) it was 0.03 units (95% CI = 0.004-0.55). The thermal responses, like the mechanical responses, were indistinguishable between the two conditions (MannWhitney U = 10; p > 0.99, Fig. 4) . Thus, the response of PO cells to noxious mechanical and thermal stimulation was not altered by blast-TBI.
Neuronal responses in the trigeminal nucleus
We recorded activity in the spinal trigeminal nucleus caudalis (SpVc), which receives thermal and noxious inputs from the trigeminal nerve (Rusu, 2004) and is the main source of afferent inputs to the PO (Rowe and Sessle, 1968; Poggio and Mountcastle, 1960; Apkarian and Shi, 1994) . We recorded spontaneous and stimulus-evoked responses from wide dynamic range (WDR) neurons that had receptive fields in the trigeminal dermatome (see Methods). In both sham and TBI rats, the receptive fields of these neurons were confined to the trigeminal innervation, and were constrained to one of the three dermatomes innervated by this nerve. We explored responses to superficial tactile and noxious stimuli, but did not attempt to obtain responses from deep cranial tissues. WDR neurons were identified by their responses to both low-threshold and noxious mechanical stimuli, and their enhanced responses to increases in stimulus intensity in the noxious range (Okubo et al., 2013) . Consistent with previous findings (Okubo et al., 2013; Urch and Dickenson, 2003) , spontaneous activity in sham rats was close to 0 Hz (n = 39 cells from 5 rats, median = 0.006, 95% CI = 0-0.02 Hz). Spontaneous activity was not significantly different in rats with blast-TBI (n = 34 cells from 5 rats, median = 0 Hz, 95% CI = 0-0.01 Hz; Mann-Whitney U = 8, p = 0.4; Fig. 4) .
Similarly, the magnitude of responses to noxious mechanical stimuli applied to the face by an electronic esthesiometer was indistinguishable in both groups, with normalized response magnitudes of 0.17 spikes/ stimulus in the blast-TBI group (n = 18 neurons from 5 rats, 95% CI = 0.08-0.50) and 0.10 spikes/stimulus in the sham group (n = 20 neurons from 5 rats, median = 0.10, 95% CI = 0.03-1.11; Mann- Fig. 4 . Spontaneous and sensory-evoked neuronal activity in the posterior thalamus (PO) and in spinal trigeminal nucleus caudalis (SpVc) is unaffected in rats with blast-TBI. A, B: Representative PSTHs (1 ms bins) demonstrate spontaneous and noxious sensory-evoked activity of a PO neuron from a sham rat (A) and a blast-TBI rat (B). Horizontal lines depict 99% confidence intervals. C: Spontaneous firing rates were indistinguishable in blast-TBI rats compared to sham rats. D: Sensoryevoked responses to innocuous stimuli are not significantly different between blast-TBI and sham conditions. E, F: Sensory-evoked responses to noxious mechanical (E) and thermal (F) stimuli to the face are indistinguishable in neurons of blast-TBI and sham-injured rats. G, H: Median spontaneous firing rates (G) and sensory-evoked firing (H) are not significantly different in SpVc of blast-TBI rats, compared to sham rats.
O. Uddin, et al. Neurobiology of Pain 6 (2019) 100030 Whitney U = 12, p > 0.99; Fig. 4) . These results indicate that, 4 weeks after blast-TBI, WDR neurons in the SpVc of blast-TBI rats have activity comparable to that of sham controls.
Changes in glia after blast-TBI
While ascending sensory pain information travels through the PO, downstream processing and descending modulation are transmitted through the PAG and RVM, which also show aberrant activity in chronic pain states. Higher activity in PO may correlate with inflammation in these downstream descending pain modulatory centers. PAG may be particularly susceptible to our new blast-TBI model, because we aimed the collimated blast wave over the occipital crest, which likely induced a hydrostatic pulse within the CSF at the foramen magnum that traveled through the fourth ventricle and aqueduct of Sylvius, affecting the surrounding PAG. We and others have shown that some CNS injuries are associated with activation of glia in thalamus (Wu et al., 2013; Hazra et al., 2014; Ramlackhansingh et al., 2011) . However, densitometry analysis revealed no significant differences in intensity of GFAP immunoreactivity in PO of blast-TBI rats, compared to shams, at either 2 days (blast-TBI: n = 5, median = 0. Gliosis upstream of the thalamus, in SpVc, could also mediate thalamic abnormalities. However, there were no significant changes in percent of the ROI field labeled positively for GFAP in the SpVc of blast-TBI rats at 2 days (blast-TBI: n = 5, median = 1.17, 95% CI = 0.99-1.78; sham: n = 4, median = 0.99, 95% CI = 0.80-1.23; U = 4, p = 0.19) or 60 days (blast-TBI: n = 6, median = 1.73, 95% CI = 0.82-2.47; sham: n = 4, median = 1.19, 95% CI = 0.37-1.26; U = 3, p = 0.07; Fig. 5 ) after blast-TBI. The number of Iba1-labeled cells was also indistinguishable 60 days after injury (blast-TBI: n = 5, median = 0.31, 95% CI = 0.18-2.45; sham: n = 3, median = 0.65, 95% CI = 0.23-2.12; U = 7, p = 0.99; Fig. 5 ).
Gliosis in descending modulatory centers after blast-TBI
Due to its importance for pain modulation and susceptibility to blast trauma (see Introduction), we examined gliosis in the periaqueductal gray (PAG) and its downstream target in the brainstem, the rostroventral medulla (RVM). Sections containing the PAG and RVM were labeled for GFAP and Iba1 at 16 weeks after injury to quantify and classify astrocytes and microglia, respectively. Sham (n = 4) and blast-TBI rats (n = 6) had similar integrated densities of GFAP labeling in both the PAG (sham: median = 1074, 95% CI = 766-1228; blast-TBI: median = 1207, 95% CI = 1044-1380; U = 6, p = 0.26; Fig. 6 ) and RVM (sham: median = 925, 95% CI = 627-1277; blast-TBI: median = 982, 95% CI = 925-1224; U = 9, p = 0.61; Fig. 6 ). Thus, persistent gliosis in the descending pain modulatory centers does not mediate ongoing pain at late time-points after blast-TBI.
Discussion
Blast-TBI in awake rats as a model for human injury
We developed a novel model of blast-TBI, adapted from our previously described direct cranial blast injury (dcBI) model (Kuehn et al., 2011) . The model resembles human injury by removing the use of anesthetics or surgery that are common in other rodent models of TBI. Craniotomies alone-without brain damage-can produce profound pro-inflammatory, morphological, and behavioral deficits that may confound interpretation of results in conventional experimental brain injury models (Cole et al., 2011; Kurland et al., 2015) . Anesthesia may produce neuroprotective effects that mask the nerve damage initiated by blast-TBI, a crucial step for the development of central pain (Freynhagen and Baron, 2009) . Anesthetics may also reduce neuronal activity and brain inflammation (Combes, 2013; Hertle et al., 2012) . Even a brief, 15-minute exposure to isoflurane is sufficient to reduce secondary injury and inflammation after controlled cortical impact (Luh et al., 2011) . Thus, variability in long-term outcomes in preclinical TBI studies is influenced by the anesthetic used at time of injury.
The present findings differ somewhat from those we recently reported using the same bTBI approach in ketamine-xylazine anesthetized rats (Studlack et al., 2018) . While the system used to produce the blast injury is identical in both studies, mortality is lower (3.7% vs. 1.3%) when animals are awake, possibly due to detrimental effects of the anesthetics, such as respiratory depression. In addition, rats exposed to blast-TBI under anesthesia developed persistent mechanical hyperalgesia of the face (Studlack et al., 2018) , a finding not replicated in the present, awake blast-TBI study. This may be due to tighter coupling between the blast dissipation chamber and the rat's head when anesthetized, resulting in more efficient blast wave dissipation in the anesthetized model. Unlike the awake rats reported here, anesthetized rats did not display increased anxiety-like behavior-measured in an elevated plus maze (Studlack et al., 2018 )-suggesting that anesthesia may mask the development of co-morbid anxiety in some models of blast-TBI.
Warfighters equipped with helmet and body armor typically have the suboccipital/upper cervical region completely unprotected from a blast wave originating from behind them -the very scenario we modeled in the aforementioned paper and used here in awake rats. By contrast, shock-tube blast exposes the entire body (if completely unprotected), which is not the typical scenario for war fighters with armor. The awake blast-TBI model presented here recapitulates multiple behavioral aspects of the human condition at the time of primary blast injury, making it a more relevant rodent model for future study than models using anesthetics at time of injury.
Pain and thalamic activity after blast-TBI
Blast-TBI in humans is associated with increased sensitivity to painful stimuli and chronic pain, particularly in the head and back (Rosenfeld et al., 2013; Sayer, 2012; Tham et al., 2013) . To determine if similar outcomes occur in our animal model, we compared blast-TBI and sham rats with tests of ongoing pain and hyperalgesia. Rats with blast-TBI displayed signs of persistent pain, i.e., elevated grimace scores (Fig. 3B) and increased sensitivity to hypothermia, assessed using an operant conditioning task (Fig. 3C) . Our findings are consistent with data on patients with TBI, showing that they suffer not only from posttraumatic headaches, but also generalized pain, including aberrant hypersensitivity to cold (Ofek and Defrin, 2007; Nampiaparampil, 2008; Strigo et al., 2014) .
We disproved our hypothesis that chronic pain after blast-TBI results from amplified activity of neurons in the PO thalamus. Neither the spontaneous nor the evoked responses of PO neurons were significantly affected by blast-TBI. These findings are in contrast with our previous reports of increased spontaneous firing of thalamic neurons and aberrant thalamocortical connectivity in animals with pain after SCI (Masri et al., 2009; Seminowicz et al., 2012; Whitt et al., 2013; Wu et al., 2013) . We also found no significant changes in the activity of SpVc neurons, which receive direct inputs from trigeminal afferents. It is possible that the subset of all SpVc neurons recorded in our study do not reflect changes produced by the blast-TBI; however, we did not directly address this possibility. Thus, the persistent neurophysiological changes causing the chronic pain in our blast-TBI model remain unknown.
Inflammatory gliosis in thalamus after TBI
We hypothesized that the aberrant elevated PO activity after injury reported by others was caused by inflammatory factors from activated glia, sensitizing PO neurons (Scholz and Woolf, 2007; Milligan and Watkins, 2009; Ren and Dubner, 2008) . Contrary to our hypothesis, we found no changes in resting-state glial cells at either time-point. These findings are consistent with reports that glial activation is limited to areas of neurodegeneration (Readnower et al., 2010; Gama Sosa et al., 2014; Garman et al., 2011) .
However, these findings are in contrast with previous TBI studies that detected inflammatory damage in the thalamus. In rodents with fluid percussion injury (Cao et al., 2012 ) model of TBI, Cao et al (2012) reported that sensory deficits are associated with thalamic microglial activation lasting 1 week after injury. Hazra et al. (2014) demonstrated thalamic astrogliosis in mice up to 4 weeks after controlled cortical impact. However, mice with thalamic astrogliosis did not exhibit altered pain behaviors (Hazra et al., 2014; Vos et al., 1994) . These results might differ from our findings due to the use of different TBI models. They might also be confounded by the use of anesthesia, craniotomy and direct brain impact in these invasive, non-blast TBI models.
The absence of activated glia in the thalamus was not unexpected, due to the orientation of the blast wave and the nature of primary blast injury to brain tissue. We directed the blast wave over the brainstem, caudal to the thalamus, which was not in the direct path of the collimated wave. Additionally, tissue at the borders of a material with different density are particularly susceptible to blast injury, noted by glial scarring (Shively et al., 2016; Nakagawa et al., 2011) . The thalamus, situated towards the center of the brain mass, may be largely protected from local effects of primary blast injury. However, although we observed persistent behavioral markers of pain and hyperalgesia, there was no aberrant PO activity, leading us to examine other potential sources of maladaptive responses after blast-TBI.
We assessed persistent glial-mediated inflammation (Watkins et al., 2001) in the PAG or RVM, key structures in the descending pain modulatory pathway (Basbaum and Fields, 1978; Reynolds, 1969; Tsou and Jang, 1964) . We found no disparities in glial labeling 16 weeks after injury, suggesting that if chronic pain is mediated by gliosis in PAG and RVM, it is a transient process that abates by the time we tested. We conclude that persistent ongoing pain is maintained through other mechanisms that remain to be identified. Fig. 5 . Glial markers in the posterior thalamus (PO) and in spinal trigeminal nucleus caudalis (SpVc) are unaffected in rats with blast-TBI. A: GFAP labeling in PO shows no significant difference in percent ROI between sham and blast-TBI rats, at either short-term or long-term time-points post-injury. B: Number of Iba1-positive cells in sham and blast-TBI rats was not different at 2 days post-injury (dpi) or 60 dpi. C: Representative micrographs of histological samples. D: Similarly, in SpVc, GFAP labeling shows no significant difference in percent ROI between sham and blast-TBI rats at either 2 dpi or 60 dpi. E: Cell counts of Iba1 labeled microglia in the brainstem show no significant difference in population size at 2 dpi or 60 dpi. F: Representative micrographs of histological samples.
Conclusions
We developed an awake-rat explosive blast-induced traumatic brain injury (blast-TBI) that eliminates complications associated with anesthesia and surgery in other TBI models. Rats with blast-TBI developed ongoing, spontaneous pain. This novel model will enable future studies on the pathophysiology of chronic pain after blast-TBI, and other sequelae of this devastating condition.
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